Electrophysiology of ammonia transport in renal straight proximal tubules. To test for electrogenic transport of ammonium ions in straight proximal renal tubules, isolated perfused tubules have been exposed to peritubular ammonium ions during continuous recording of cell mem- 
port of NH4 across the cell membranes of proximal renal tubules.
The present study was designed to elucidate the effect of NH4 on the cell membrane potential in straight proximal renal tubules. To this end, isolated perfused tubules have been exposed to peritubular ammonium ions (1 to 40 mmollliters) during continuous recording of cell membrane potential.
Methods
The experiments were performed on proximal straight tubules of Swiss mice weighing 20 to 25 g. Segments of 0.2 to 0.4 mm length were dissected and perfused following principally the method of Burg et al [25] . Modifications of the technique concerning track system, pipette arrangement, use of a dual channel perfusion pipette, as well as the electrical circuits for current injection into the lumen and registration of the potential difference across the epithelium (PDte) and the basolateral cell membrane (PDbI) have been described in previous publications [26, 27] . The luminal perfusion rate ;vas >10 nI/mm. The bath was perfused continuously at a rate of 20 mI/mm and kept at 38°C with a dual channel feedback system (W. Hampel, Frankfurt, Germany). The composition of the perfusates is given in Table 1 .
The potential difference across the basolateral cell membrane was measured by a high impedance electrometer (FD 223, WPI, Science Trading, Frankfurt, Germany) connected with the electrode via an AgIAgCI half cell. The electrodes used for recording the potential difference across the basolateral cell membrane were pulled from filament capillaries (1.5 mm OD, 1.0 mm ID, Hilgenberg, Malsfeld, Germany) with a Narishige PE 2 vertical puller, which was adjusted to deliver electrodes with a resistance between 100 and 200 Mfl. They were filled with 1 mol/liter KC1 solution immediately before use. For penetrating the membrane the electrodes were advanced rapidly by a piezoelectric stepper (M. Frankenberger, Germenng, Germany) mounted on a Leitz micromanipulator (E. Leitz, Wetzlar, Germany). A recording was accepted only when the penetration of the cell membrane resulted in an instantaneous deflection of the reading. Furthermore, the potential difference across the cell membrane had to be stable (±2 mY) for at least one minute. Withdrawal of the electrode was to be followed by an immediate return of the electrode reading to the baseline Table I ).
The replacement of 20 mmol/titer NaCI by mannitol did not significantly alter PDbI (-0.9 0.5 mV, N = 7), but replacement of mannitol by ammonium-gluconate depolarized the cell membrane (7.4 0.4 mV, N = 7) to a similar extent as replacement of NaCl by NH4CI.
The NH4 induced depolarization was in part dependent on the presence of exogenous bicarbonate and C02: In the absence of luminal and peritubular bicarbonate and CO2 (solutions 6, 7 and 24, Table 1 ) NH4 (20 mmol/liter) still caused a significant depolarization of the basolateral cell membrane, which, however, was significantly less than the NH4 induced depolarization in the presence of extracellular bicarbonate ( Table 2 , Fig.  4 ). In the absence of bicarbonate NH4 still leads to an increase of the voltage divider ratio (by 42 4%, N = 8).
The NH4 induced depolarization was similarly sensitive to replacement of extracellular sodium by choline. If sodium was replaced by choline in both perfusates (solutions 8, 9 and 23, Table 1 ), NH4 (20 mmollliter) still lead to a significant depolarization of the basolateral cell membrane, which, however, was significantly smaller than the NH4 induced depolarization in the presence of sodium ( Table 2 , Fig. 5 ).
The NH4 induced depolarization was similarly blunted by 1 mmol/liter SITS and by carbonic anhydrase inhibitor acetazolamide. Addition of 1 mmol/liter acetazolamide or I mmol/Iiter SITS to the peritubular perfusate (solution I, Table 1 ) did not significantly modify PDbI (Table 2 ), but significantly reduced the NH4 induced depolarization of the cell membrane ( The acetazolamide insensitive portion of NH4 induced depolarization was not altered by removal of extracellular chloride, If in addition to 1 mmol/liter ace tazolamide, extracellular chloride was removed (solutions 10, 11 and 25, Table 1 ), NH4 still lead to a significant depolarization of the cell membrane (Table 2 ), which was not significantly different from the depolarization observed in the presence of acetazolamide alone. To test for a possible involvement of K channels in the NH4 induced depolarization, NH4 was added in the presence of K channel blocker barium. Addition of barium (10 mmol/ liter) to the luminal as well as to the peritubular perfusate (solutions 12, 13 and 22, Table 1 ) lead to a marked depolarization of the basolateral cell membrane by +24 3 mV (N = 9) without significant effect on the NH4 induced depolarization ( Table 2 ).
On the other hand, addition of 1 mmol/liter amiloride to the peritubular perfusate (solution I, Table 1 ) lead to a depolarization of the basolateral cell membrane by +14 3 mV (N = 7), paralleled by a decrease of the voltage divider ratio ( Table I ) lead to a gradual decline of PDbI, paralleled by a decrease of the depolarizing effect of enhanced bath potassium concentration (Fig. 13) . In contrast, the NH4 induced depolarization increased and eventually approached the depolarizing effect of equimolar potassium concentration changes (Fig. 13 , Table 2 ).
Discussion
The application of NH4 to the bath perfusate leads to a rapid, sustained, fully reversible depolarization of the basolateral cell membrane. This effect could be due to a depolarizing circular current [28, 29J originating at the luminal cell membrane or the paracellular shunt, due to the charge carrying transport of NH4 across the basolateral cell membrane into ative. This is not the case. Thus, the depolarization of the basolateral cell membrane must reflect some electrogenic event occurring at the basolateral cell membrane, which is much more conductive than the luminal cell membrane [30] . In the absence of NH4, the basolateral cell membrane of the mouse straight proximal tubule is almost selective to potassium, with a small contribution of bicarbonate conductance [311.
The ammonia induced depolarization of the basolateral cell membrane is at least in part the result of enhanced electrogenic exit of bicarbonate across the basolateral cell membrane. Addition of NH3/NH4 to the bath leads to entry of NH3 into the cell, which binds intracellular H and thus leads to intracellular alkalinization [32, unpublished observations] . The increase of intracellular bicarbonate concentration increases the driving force for electrogenic bicarbonate exit and thus is expected to depolarize the basolateral cell membrane. In addition to enhancing the bicarbonate gradient, the increase of intracellular bicarbonate concentration could account for the tendency of the basolateral cell membrane to increase bicarbonate selectivity. Accordingly, the NH4 induced depolarization is blunted in the absence of extracellular bicarbonate and CO2 and in the presence of SITS or of carbonic anhydrase inhibitor acetazolamide, which is known to block the electrogenic transport of bicarbonate across the basolateral cell membrane of proximal renal tubules [33] . Furthermore, the NH4 induced depolarization is blunted following replacement of extracellular sodium with choline, possibly by impairment of Na(HCO3)3 cotransport [34, 35] . However, removal of extracellular bicarbonate, removal of sodium, addition of SITS and addition of acetazolamide inhibit the NH4 induced depolarization only in part.
The remaining effect in the absence of extracellular bicarbonate could theoretically be explained by intracellular generation of bicarbonate, the incomplete efficacy of SITS and acetazolamide, however, suggests the existance of some additional depolarizing mechanism.
Theoretically, part of the NH4 induced depolarization could have been due to a decrease of the K conductance. K channels in the apical cell membrane of the thick ascending limb have in fact been shown to be inhibited by NH4 [36] [37] [38] . Furthermore, amiloride does reduce the basolateral K conductance in mouse straight proximal tubules and would thus be expected to blunt an inhibitory effect of NH4 on the K channels. However, the NH4 induced depolarization is paralleled by an increase of the voltage divider ratio, in contrast to the effect of amiloride, which reduces the voltage divider ratio. Thus, the bicarbonate insensitive portion of the NH4 induced depolarization is most likely due to electrogenic transport of NH4, which is inhibited by barium and amiloride. Taken together, the observations do suggest that NH4 enters significant decrease of the NH4 induced depolarization, since the inhibition of electrogenic NH4 entry by barium was probably outweighed by the enhanced influence of bicarbonate exit on the cell membrane potential during inhibition of the K channels. Similarly, the enhanced depolarizing effect of NH4 after sustained inhibition of Na/K ATPase can be explained by the enhanced influence of bicarbonate on the cell membrane potential with decreasing K conductance.
Conductive transport of NH4 across the basolateral cell membrane is sensitive to the potential difference across the cell membrane and thus favors cellular NH4 accumulation. At the basolateral cell membrane potential difference of -65 mV, NH4 would approach electrochemical equilibrium only at intracellular concentrations greater than 10-fold the extracellular concentration. Thus NH4 conductance could contribute to the efficient cellular uptake and subsequent secretion of NH4 in S3 segments. 
